Background--Hospital procedures have been associated with cognitive change in older patients. This study aimed to document the prevalence of mild cognitive impairment in individuals undergoing left heart catheterization (LHC) before the procedure and the incidence of cognitive decline to 3 months afterwards.
L eft heart catheterization (LHC) for either diagnostic and/ or therapeutic purposes is a common procedure. More than 1.3 million LHC procedures are performed every year in the United States, with a median patient age of 65 years. 1 In Australia, >160 000 LHCs are performed every year. 2 The older age in this group of patients and the presence of cardiovascular disease are important risk factors for preexisting cognitive decline. Although cognitive decline has been observed after prolonged left atrial ablation procedures, 3 there is limited information using sensitive cognitive testing on the impact of LHC procedures on cognition in older adults.
Cognitive decline in elderly people may be subtle and often requires objective neuropsychological testing to be identified. Petersen et al 4 described mild cognitive impairment (MCI) 5 as an entity in which the individual was neither demented nor impaired in activities of daily life, but in whom there was both a subjective complaint by the individual or an informant and objective evidence of cognitive decline. The prevalence of MCI ranges from 14% to 18% in adults aged ≥70 years. 6 In older adults, MCI may reflect the early stages of neurodegenerative diseases, such as Alzheimer disease, but may also reflect cerebral vascular disease. Accordingly, cerebrovascular contributions in those with cardiovascular disease are likely to make those presenting for LHC prone to MCI. 7 Rosengart et al have shown that individuals with coronary artery disease (CAD) scheduled for either coronary artery surgery or percutaneous interventions performed worse than healthy controls on a battery of neuropsychological tests. 8 In another investigation, up to one third of patients presenting for LHC had Montreal Cognitive Assessment scores <26, indicating some degree of cognitive impairment. 9 Although LHC is considered to be a minimally invasive procedure, if there is a high baseline incidence of MCI, then individuals presenting for LHC may be at risk for postprocedural cognitive decline. This holds true for orthopedic surgery, where patients with cognitive impairment at baseline were particularly at risk for further decline afterwards. 10 To date, small studies have
shown conflicting results after LHC at 3 months. 9, 11 To investigate these issues, we established a large, prospective, observational study with the primary aim to formally document the prevalence of MCI in older adults scheduled for LHC and to identify cognitive outcomes up to 3 months after the procedure using sensitive testing tools. In addition, we explored the association of clinical management subsequent to LHC with cognitive outcome.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. This investigation was a prospective, observational, clinical study, in patients scheduled for LHC, with the primary aim to identify the prevalence of MCI and subsequent cognitive performance to 3 months. A secondary aim was to document the effect of subsequent clinical management on cognitive changes after LHC. All patients underwent baseline coronary angiography and left ventriculography. Subsequent management pathways were classified as follows: no further interventional therapy; minor intervention (including percutaneous coronary intervention); or major intervention (major noncardiac or cardiac surgery [valve replacement and/or coronary artery bypass graft]).
The study was registered with the Australian Clinical Trials Registry. Patients were recruited from 2 large tertiary hospitals between July 5, 2007 and July 22, 2012. Threemonth data from 168 of these patients have been previously published as part of a comparative article, 12 whereas a subset of 56 patients was studied using transcranial Doppler to detect microemboli. 13 
Cognitive Testing and Classification
All study participants completed a conventional paper-andpencil (written) test battery during home visits at baseline and at 3 months after LHC. The test battery was chosen to examine specific psychological domains and consisted of the following: the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) Auditory Verbal Learning Test (episodic memory); Trail Making Test Parts A and B (attention/executive function); Digit Symbol Substitution Test (attention psychomotor function); Controlled Oral Word Association Test (executive function); CERAD Semantic Fluency test, animals (verbal fluency); and the Grooved Pegboard test, dominant and nondominant hands (manual dexterity). All of these tests have been described elsewhere. 14 Memory is believed to be the best indicator for future cognitive decline attributable to Alzheimer disease, whereas executive function is more likely to reflect vascular cognitive impairment, although there is much overlap between all the psychological domains.
Computerized tests are simple to administer, lend themselves to more repeated use, and can consequently be administered at more frequent time intervals. 15 Participants were thus also administered a computerized cognitive test
Clinical Perspective
What Is New?
• A total of 51.7% of individuals >60 years undergoing left heart catheterization were shown to have mild cognitive impairment before the procedure when tested with a battery of cognitive tests.
• At 3 months after left heart catheterization, 8% to 13% of individuals experienced further cognitive decline.
What Are the Clinical Implications?
• Mild cognitive impairment is common in elderly individuals undergoing left heart catheterization and exceeds prevalence in the general population, most likely because of the presence of cardiovascular disease.
• We suggest that elderly patients presenting for left heart catheterization should have baseline cognitive assessment as a routine and that consideration of the risk of further cognitive decline should form part of the informed consent process.
battery at baseline (during the week before LHC in conjunction with the written tests) and at 24 hours (or discharge if before this), 7 days, and 3 months after LHC (in conjunction with the written tests). All testing (except the 24-hour test) was done at home visits by the research team. In addition, the National Adult Reading Test was administered at baseline to estimate intelligence quotient, 16 in addition to screening using the Mini-Mental State Examination. Visual analogue scales for anxiety, depression, and fatigue (10-cm line, where 0 is minimum and 10 is maximum) were administered at baseline and 3 months because these have been shown to affect cognitive function. The computerized battery consisted of a subset of 4 tasks from the Cogstate battery (Melbourne, Australia). These were the maze (executive function) and the use of computerized playing cards to assess detection reaction time, choice reaction time, and one-back test (working memory and psychomotor function). 17 Reaction times <100 and >1000 ms were classified as abnormally fast or slow responses and excluded (as per Cogstate validation rules). 15 The reaction time distributions for each test showed significant negative skew (ie, skew/ skew SD >1.96); therefore, these were normalized using a logarithmic base-10 transformation. The mean of the log 10 reaction time was calculated for each participant for each task. For the computerized battery, cognitive decline was defined using the Reliable Change Index (RCI; calculation described later) if an individual decreased by 1.5 SDs on ≥2 of the 5 tests to maintain the type I error at <5%.
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MCI was defined at baseline by the absence of dementia, preservation of normal activities of daily living (self-report), and the presence of a subjective complaint in cognition by either the participant or informant (in response to the question, "Do you have a problem with thinking or memory in daily life?"), together with cognitive performance on any 1 written test >1.5 SDs below normative data. The normative data came from standard published sources and were adjusted for age. MCI was classified as amnestic MCI (aMCI; single domain or multidomain) or nonamnestic (single domain or multidomain), depending on which tests/cognitive domains were implicated. 6 This recognizes that memory decline is believed to indicate deterioration attributable to Alzheimer disease in the early stages. At 3 months, cognitive decline for written tests was calculated using the RCI. 19 Calculation of RCI requires a control group to undergo the same tests at the same time intervals as study participants. We used a control group consisting of patients with osteoarthritis who were recruited from advertisements in appropriate newsletters and senior citizens centers. 10 To calculate the RCI for tests, the difference in performance from the baseline to 3-month assessment was computed for each test for each of the control subjects. The mean and SD of the distributions of difference scores for each test were then established. For each subject, assessment at 3 months for each test was used to calculate the RCI, as follows: RCI=(patient scoreÀbaseline score)À(practice effect estimated from controls)/(SD of difference scores estimated from control group). For each test, deterioration in RCI ≥1.96 was classified as abnormal decline in cognitive performance. The cutoff of RCI=À1.96 is the point beyond which 5% of the values from the normal sample population will fall (ie, P<0.05, 1 tailed). Patients who completed ≥2 tests of the neuropsychological batteries were included in the analyses for each battery of tests (written tests and computerized tests). Cognitive decline was defined only if an individual showed cognitive decline on ≥2 performance tests and/or a combined Z score ≤ À1.96 (defined as ∑ Z scores/SD ∑ Z scores in controls)
Clinical Management
As an indicator of atheroma burden, and noting the correlation between even simple scoring systems, 20 diagnostic LHC outcomes were graded simply according to number of vessels with >50% narrowing: group 0, no significant CAD; group 1, grade 1 CAD (1 vessel affected); group 2, grade 2 CAD (2 vessels affected); and group 3, grade 3 CAD (3 vessels affected). Oral temazepam (10 mg) and promethazine (25 mg) were administered 30 minutes before the procedure for premedication and sedation. No other sedatives were given. LHC was performed via a percutaneous femoral approach using local anesthetic at the puncture site, according to institutional protocol. Acetaminophen was used for postprocedural analgesia.
Blood was also collected at baseline for apolipoprotein E4 genotyping.
Statistical Analysis
We anticipated a prevalence of baseline MCI of 35% on the basis of a previous study of patients with cardiovascular disease who were scheduled for cardiac surgery. 21 Assuming an overall incidence of further cognitive decline at 3 months of 13% (on the basis of patients undergoing cardiac surgery 14 ) then to detect a 4:1 ratio of cognitive decline in patients with MCI versus those without MCI (on the basis of population data in which subjects with MCI convert to dementia at 4 to 5 times those without MCI 6 ), we estimated that we would require 148 patients with MCI and 148 patients without MCI. To acquire this number, a total of 423 patients would be required to achieve a power of 80% and a of 0.05. Assuming a loss to follow-up of 20%, we aimed to recruit 510 patients. Group comparisons were made using unpaired t tests for continuous variables, the Spearman ranked correlation coefficient or Wilcoxon rank-sum test for ranked data, and v 2 or
Fisher's exact test for dichotomous data. All hypothesis testing was 2 tailed. Associations were determined using univariable analysis and multivariable logistic regression, with a probability value of P<0.2 set for entry into the multivariable regression models. Tests were performed using STATA, version 14.0 (StataCorp, College Station, TX). A probability value of P<0.05 indicated statistical significance.
Results
Review of patient recruitment in 2012 showed that the baseline MCI rate was >50%, such that the then recruited 455 patients exceeded the number with MCIs to meet our power requirement of n=148 participants with MCI; recruitment was, therefore, stopped. After exclusions following Figure. Table 1 . Controls were older, with more women, and were shorter and weighed less than study participants; they had less diabetes mellitus, a lower prevalence of smoking, less hypercholesterolemia, and higher Mini-Mental State Examination scores. Baseline cognitive test scores are shown in Table 2 . Controls performed significantly better than patients on CERAD Auditory Verbal Learning Test recall (both immediate and delayed), Controlled Oral Word Association Test, and CERAD semantic fluency. Up to 3 months after LHC, 322 patients (74%) were managed medically or required no treatment, 71 (16%) underwent a minor unrelated medical procedure (n=21) or subsequent percutaneous coronary intervention (n=50), and 44 (10%) underwent major unrelated medical procedures (n=10) or cardiac surgery (n=34 [n=11 valve only; n=22 coronary artery bypass graft {CABG} or CABG AE valve; n=1 pericardectomy]).
Using the written tests, MCI was classified preoperatively in 226 of 437 patients (51.7%), 176 of whom were classified as aMCI. Of these patients, 76 had single-domain aMCI and 100 had multidomain aMCI. Executive function was decreased in 123 of 431 patients (28.5%), of whom 89 also had memory impairment. Baseline MCI (any) was not associated with age (t=À0.25, P=0.81), estimated intelligence quotient (t=À0.24, P=0.81), or CAD grade (v 2 =2.20, P=0.53).
Cognitive testing (computerized) at the time of hospital discharge (or 24 hours) and also at 7 days after procedure showed no group-level difference compared with controls (Table 3 ). There was also no group-level difference between baseline and 3-month computerized testing for either LHC participants or controls. Individual patient analysis indicated cognitive decline (RCI) in 38 or 380 patients (10.0%) at discharge and 30 of 401 patients (7.5%) at 7 days using computerized tests. At 3 months, group analysis showed no difference from controls in computerized tests (Table 4) ; however, written test performance was more impaired in patients than controls in CERAD Auditory Verbal Learning Test delayed recall, Controlled Oral Word Association Test, and CERAD semantic fluency (as for baseline) and also in the Digit Symbol Substitution Test and Trail Making Test Parts A and B (Table 5) . At this testing time, there were no differences in anxiety, depression, or fatigue compared with controls.
At 3 months, individual analysis of written tests identified cognitive decline in 51 of 390 patients (13.1%), whereas Data are presented as mean (SD). At 24 hours or discharge, n=380 for left heart catheterization and n=51 for control; at 7 days, n=401 for left heart catheterization and n=51 for control. computer test results showed cognitive decline in 33 of 389 patients (8.5%) at 3 months (Table 6 ). MCI was identified in 156 of 389 patients (40%), of whom 104 were classified as having MCI. Subsequent procedural interventions, major or minor, to 3 months were not associated with cognitive decline using either written tests (odds ratio (Table 6 ). However, patients who had CABG surgery (n=22) in the intervening period showed a 22.7% incidence of cognitive decline at 3 months.
Multivariable analysis of written test results showed age to be the only significant predictor of cognitive decline at 3 months (OR, 1.06 [95% CI, 1.02-1.10] ; P<0.01) ( Table 7) . When considering the computerized test results, multivariable analysis demonstrated cognitive decline at 3 months (Table 8) There were no major complications (stroke or death) after LHC in our study patients.
Discussion
The main findings of this investigation are that >50% of individuals presenting for elective LHC meet clinical criteria for MCI and that up to 13% of patients have further cognitive impairment at 3 months. Although the mean age of patients in this study was 65 years, the prevalence of MCI at baseline exceeds the population prevalence of 14% to 18% in those aged ≥70 years. MCI is considered to be an early indication of future dementia, and in population studies, it progresses to dementia at an annual rate of 6% to 10% per year compared with 1% to 2% per year for those without MCI. 6 The most plausible explanation for the high prevalence of MCI in this study is an association with the cardiovascular disease that brought these individuals to LHC, in addition to the age-related risk. Vascular cognitive impairment describes cognitive changes related to vascular causes and encompasses any degree of cognitive decline caused by, or associated with, vascular disease or its risk factors. Vascular cognitive impairment, no dementia, refers to the early stages, analogous to MCI. 22 Indeed, the distinction between MCI and vascular cognitive impairment, no dementia, can become blurred. 23 The combination of 2 common pathological conditions (Alzheimer disease and vascular cognitive impairment) is often present and is known as mixed dementia. 24 The high prevalence of MCI observed in this study is likely attributable to the presence of vascular cognitive impairment or mixed dementia cause in patients undergoing elective LHC. The implication is that many of these patients will progress to dementia at a rate that exceeds population norms. This is consistent with a recently published finding that the prevalence of dementia at 7.5 years after cardiac surgery is >3 times the prevalence in the general population and may be because of vascular disease. 25 The second major finding of this study is that 8.5% (computerized tests) to 13.1% (written tests) of individuals showed a measurable decline in cognition at 3 months after LHC. The difference in incidence between the 2 modes of cognitive testing may be accounted for, to some extent, by the fact that the 2 modalities interrogate slightly different cognitive domains. We did not identify an association with prior MCI or cognitive decline at 3 months using written tests; however, the possible influence of widespread or longer duration of vascular disease is supported by the association of cognitive decline at 3 months using computerized tests with prior coronary stenting and diabetes mellitus. Microembolism has long been identified during LHC, being both gaseous and particulate. However, studies on cognitive outcomes and transcranial Doppler have failed to identify any consistent association between embolic load and cognitive impairment. 9, 13 A limitation of this study is that the control group, recruited from the community with osteoarthritis, may have had features, such as depression, that distinguished them from completely fit individuals. As it was, the control group was older and differed in several baseline characteristics from the study group. They had a higher intelligence quotient and performed better on baseline testing. Nevertheless, they represent a group without overt cardiovascular disease against which the impact of cardiovascular disease can be highlighted, and the control group still enables adjustment for retesting and timerelated changes. The attribution of cognitive decline is an individual outcome, on the basis of performance in several tests compared with controls. As such, pooling results as group comparisons is less meaningful than identifying the proportion of individuals affected. The differences in the results of written and computer testing reflect the different attributes of these tools. 26 For this reason, we have reported the results of both methods of assessment. The risks and complications associated with LHC have been well described. Major adverse cardiac and cerebrovascular events (stroke) occur in <2% of patients for diagnostic LHC, with mortality <0.8%. 27 We identified no strokes and no procedural deaths. Although such complications may be rare, all patients are advised of these risks as part of the informed consent process because they are material, despite the low incidence. Cognitive decline after LHC may not be as catastrophic as other adverse events, but it is nonetheless likely to be of significance to all individuals because cognition is highly valued. Cognitive decline should, thus, be recognized as a relevant and not-uncommon complication that may follow LHC, which, even if mild, may have the potential to impinge on the everyday activities of the individual. 28 For this reason, it would seem appropriate that cognitive decline should be identified as a common adverse event after LHC within the informed consent process. CABG surgery has been implicated as a major cause of cognitive decline in individuals with CAD. Known as postoperative cognitive dysfunction (POCD), the reported incidence has varied widely, ranging from 6.6% 29 to 79%, 30 and is influenced by time of testing after the procedure, among other factors. Our findings of 8% to 13% incidence of cognitive decline at 3 months after LHC suggest that the studies investigating POCD after CABG surgery may represent even more decline than previously considered, if the postangiography level is already a point from which some patients decline even further after CABG surgery. Indeed, the few patients in this study having CABG surgery before testing at 3 months showed a 22.7% incidence of POCD. Virtually all CABG surgery patients have undergone LHC before surgery, yet the effects of LHC on individual baseline cognitive testing before cardiac surgery have not been considered in existing studies. It can only be assumed that many of the patients studied for POCD after CABG surgery may not only have had MCI, but had already experienced cognitive decline subsequent to the LHC and before their cardiac surgery. Such a decline would lead to a lower cognitive baseline that is likely to underestimate the actual incidence of POCD from preangiography to postcardiac surgery. This finding warrants further investigation. In addition to studies that have focused on cardiac surgery alone, 1 study has sought to compare the cognitive change measured after cardiac surgery with controls who have not undergone cardiac surgery but have CAD. However, even in this scenario, the controls had all undergone prior coronary angiography to diagnose CAD. 31 Other studies comparing cognitive decline after cardiac surgery with that after percutaneous interventions have also failed to take into account the effect of the coronary angiography before the percutaneous coronary intervention. 8, 32 In summary, we have found a high prevalence of MCI in individuals for elective LHC. Furthermore, LHC was followed by cognitive decline in 8% to 13% of individuals at 3 months after the procedure, which is similar to the incidence after both noncardiac and cardiac surgery. 12 Using a computerized test battery, baseline aMCI, prior coronary stenting, and diabetes mellitus were independent predictors of decline at 3 months postoperatively, implicating vascular disease in this decline. This suggests that comorbid disease, in particular cardiovascular disease, together with processes of the intervention are affecting the cognition of the elderly patients undergoing LHC. We suggest that elderly patients presenting for LHC should have baseline cognitive assessment as a routine and that consideration of the risk of further cognitive decline should form part of the informed consent process. This issue will assume even more importance in the future as the population ages.
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